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Abstract 
 
Two experimental studies were conducted to explore the possibilities of biologically 
inspired airfoils as Micro-Air-Vehicles (MAVs) applications.  In the first study, the flow 
behavior around a corrugated dragonfly airfoil compared with both a traditional streamlined 
airfoil and a flat plate were investigated.  This study was conducted at the chord Reynolds 
number of 34,000 where MAVs usually operate in order to explore the potential application 
of such biologically inspired airfoils for MAV designs.  The resulting measurements 
demonstrate clearly that the corrugated dragonfly airfoil has much better aerodynamic 
performance over both the traditional streamlined airfoil and the flat plate in preventing 
large-scale flow separation and airfoil stall at the test low Reynolds number level.  The 
second study was conducted to investigate the flow behavior around flexible membrane 
airfoils compared with a rigid counterpart.  The experimental study was conducted at the 
chord Reynolds number of 80,000, which is also in the MAV operation range.  The 
measurement results demonstrated clearly that the flexible membrane airfoil could have 
much better aerodynamic performance than a rigid counterpart.  Detailed force and PIV 
measurements have elucidated the underlying physics about how and why the flexible 
membrane airfoils could have much better aerodynamic performance compared with the rigid 
counterpart   Due to the flexibility, flexible membrane airfoils can change their camber line 
and reduce its effective angle of attack automatically to adopt the incoming flow to suppress 
flow separation.   
 
 
 
1 
 
Chapter 1. Introduction 
 
Aerodynamic studies have provided mankind significant advances in quality of life 
and tantalizing promises for the future. Recent advances in materials technology and 
microminiaturization have opened an exciting new area of aircraft design.  Palm sized, Micro 
Air Vehicles [MAV], equipped with optical and other sensors can provide surveillance and 
monitoring of remote and hazardous environments. 
 
The Defense Advanced Research Agency [DARPA], recognizing the potential of 
MAVs, has funded many projects advancing the development of miniaturized cameras, 
power cells, communication devices, actuators and control devices. Once science fiction, 
rapidly deployable and robust “eyes in the sky” devices are now viable realities. The 
aerospace industry has fully embraced this technology and is quickly responding to consumer 
demands. MAV will be an integral part of our daily lives in the decades to come. 
 
Aerodynamic performance of an airfoil is characterized by the chord Reynolds 
number [Rec], determined by airfoil chord length and flight velocity. Current designs of 
MAVs have been for the most part scaled down designs of conventional aircraft operating in 
a Rec of 106 to 108. MAV’s however operate in a Rec 104 to 105. Due to this significant 
difference in Rec; scaling of macro-scale aircraft does not provide optimal design solutions 
for MAVs. Nature however provides many examples of airfoil designs optimized for low 
Reynolds numbers.
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Chapter 2. Exploring Biologically-Inspired Dragonfly Airfoil 
2.1. Introduction to Dragonfly Airfoils 
 
A number of insects including locusts, dragonflies, and damselflies employ wings 
that are not smooth or simple cambered surfaces.  It is widely believed that the evolutionary 
history of these species began about 150 million years ago in the late Jurassic Era [1-3].  The 
cross section of their wings has well-defined corrugated configurations (Figure 1).  Such 
corrugated design was found to be of great importance to the stability of the ultra-light wings 
to handle the spanwise bending forces and mechanical wear that the wing experiences during 
flapping [4-11].  The corrugated wing designs do not appear to be very suitable for higher 
Reynolds number flight since it would have very poor aerodynamic performance (i.e. low lift 
and high drag) according to traditional airfoil design principles.  However, several studies on 
dragonfly wings in steady flow or gliding flight [12-15] have led to surprising conclusions: a 
corrugated dragonfly wing could have better aerodynamic performances (i.e. higher lift and 
higher lift-to-drag ratio) compared with conventional streamlined airfoils in low Reynolds 
number flows where dragonflies usually fly. 
 
Figure 1. Cross Section of a Typical Dragonfly Wing, (Kesel, University of Saarland) 
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A number of hypotheses have been suggested to explain the fundamental mechanism 
of rather unexpected aerodynamic performance improvement of the corrugated dragonfly 
airfoils or wings over conventional smooth airfoils.  Rees [12] suggested that airflow could 
be trapped in the valleys of the corrugated structures to become stagnant or rotate slowly in 
the valleys, which results in the corrugated wing as a streamlined airfoil.  Newman et al [13] 
suggested that the improved aerodynamic performance would be associated with the earlier 
reattachment of the flow separation on the corrugated wings.  As the angle of attack increases, 
airflow from the leading edge to form a separation bubble and the separated flow would 
reattach sooner due to the corrugation, compared with smooth airfoils.   
Despite different explanations about the fundamental mechanism for the aerodynamic 
performance, most of the studies agree that corrugated dragonfly wings or airfoils work well 
in low Reynolds number regime, which naturally point to the potential application of 
employing such biologically inspired airfoils or wings in micro-air-vehicles. 
Most of the earlier experimental studies were conducted mainly based on the 
measurements of total aerodynamic forces (lift and drag) of either natural dragonfly wings or 
modeled corrugated wing sections.  More recently, Kesel [16] has conducted pressure 
measurements on the surfaces of dragonfly wing model in addition to total lift and drag force 
measurements.  Kesel has found that negative pressure would be produced at the valleys of 
the corrugated dragonfly wing model, which would contribute to the increased lift.  Vargas 
and Mittal [17] have conducted a numerical study of the flow around a 2-D dragonfly model 
to investigate the flow behaviors around the corrugated dragonfly airfoil. (Figure 2)  Their 
simulation results confirmed the existence of small vortex structures in the valleys of the 
corrugated dragonfly airfoil.  The small vortex structures in the valleys of the corrugated 
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cross section were also revealed qualitatively in the flow visualization by Kwok and Mittal 
[18]. 
 
 
Figure 2.  Simulation of Streamline Generated around a Corrugated Dragonfly Wing Model, Re=10,000 
(Vargas and Mittal, George Washington University) 
 
 
Although several experimental studies have been conducted previously to investigate 
the aerodynamic performance of corrugated dragonfly airfoils or wings, detailed, quantitative 
flow measurements have never been conducted to elucidate the underlying physics of how 
and why corrugated dragonfly airfoils or wings could have good aerodynamic performance 
for low Reynolds number flight.  In this study, a detailed experimental investigation of the 
flow behavior around a modeled corrugated dragonfly airfoil and comparison with a 
conventional streamlined airfoil, flat plate, and flexible morphing airfoils at low Reynolds 
number is reported.  The experimental study was conducted in a wind tunnel with Particle 
Image Velocimetry (PIV) to make flow velocity field measurements.  It should be noted that 
most previous studies on dragonfly airfoils were conducted from biologists’ point of views to 
investigate the flight aerodynamics of dragonflies.  Thus, the tested chord Reynolds number 
are usually relatively small, i.e. Rec <5,000.  With potential applications for MAVs in mind, 
it is necessary to conduct the present study at chord Reynolds number of Rec=34,000 which 
is MAVs’ usual range of operation. 
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2.2. Experimental Setup for the Dragonfly Airfoil Experiment 
 
The experiments were performed in a closed-circuit low-speed wind tunnel located in 
the Aerospace Engineering Department of Iowa State University.  The tunnel is equipped 
with a 1 × 1 ft (30 × 30 cm) cross section with optically transparent walls.  The tunnel has a 
contraction upstream the test section with honeycomb, screen structures, and cooling system 
installed to provide uniform low turbulent incoming flow to the test section. 
 
Figure 3.  Particle Image Velocimetry Setup for the present Study 
 
 
Figure 4.  Particle Image Velocimetry Setup around the Close-Circuit Low Speed Wind Tunnel 
 
Seeding  
(Smoke Generator) 
Nd:YAG Laser Host Computer 
Digital Delay 
Generator 
Airflow 
CCD Camera Test Section  
(1ft x 1ft) 
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Figure 3 and 4 show the experimental setup for the present study.  During the 
experiment, each test airfoil was installed in the test section of the blue closed-circuit low 
speed wind tunnel.  A PIV system was used to operate flow velocity measurements along the 
chord at the middle span of the airfoils.  The flow was seeded with 1~5μm oil droplets.  
Illumination was provided by a double-pulsed Nd:YAG laser (NewWave Gemini 200) 
adjusted on the second harmonic and emitting two pulses of 200mJ at the wavelength of 
532nm with a repetition rate of 10Hz.  The laser beam was shaped to a sheet by spherical and 
cylindrical lenses and reflected by a mirror to place the laser sheet at the mid-span of the test 
airfoils.  The thickness of the laser sheet in the measurement region is about 0.5mm.  A high 
resolution 12-bit (1376 × 1040 pixel) CCD camera (SensiCam-QE, Cooke Corp) was used 
for PIV image acquisitions with the axis of the camera perpendicular to the laser sheet.  The 
CCD camera and the double pulsed Nd:YAG lasers were connected to a workstation via a 
Digital Delay generator (Barkley Nucleonics, Model565), which controlled the timing of the 
laser illumination and the image acquisition.   
Instantaneous PIV velocity vectors were obtained by a frame to frame cross-
correlation technique involving successive frame of patterns of particle images in an 
interrogation window of 32×32 pixels.  An effective overlap of 50% was employed to satisfy 
the Nyquist criterion.  The PIV measurements were conducted at two spatial resolutions: a 
coarse level to study the global features of the flows about the airfoils with the measurement 
window size of about 200mm×160mm; and a finer level to investigate the detailed flow 
structures near the nose of the size of the airfoils with the measurement window size of about 
50mm×40mm.  The effective resolutions of the PIV measurements, i.e. grid sizes, were 
Δ/C=0.048 and 0.012, respectively.  Once the instantaneous velocity vectors ( iu , iv ) are 
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determined, span-wise vorticity ( zϖ ) can be derived.  The time-averaged quantities such as 
mean velocity (U,V), turbulent velocity fluctuations ( 'u , 'v ), and normalized turbulent 
kinetic energy (TKE ) distributions are obtained from a cinema sequence of 280 frames of 
instantaneous velocity fields.  The measurement uncertainty level for the velocity is 
estimated to be within 2.0% and that of the turbulent velocity fluctuations ( 'u , 'v ) and 
turbulent kinetic energy ( TKE ) are about 5.0%.  The uncertainty level of the spanwise 
vorticity data is expected to be within 10.0%.  All the aerodynamic parameters in the PIV 
measurements were calculated with a modified version of C++ code developed in our 
laboratory. 
 
Figure 5. Cross Sectional Designs of Test Airfoils 
 
Figure 5-7 shows the cross sections of three types of airfoils tested in the present 
study:  a streamlined airfoil GA(W)-1 airfoil (also labeled as NASA LS(1)-0417 airfoil), a 
flat plate, and a corrugated dragonfly airfoil.  Compared with standard NACA airfoils, 
GA(W)-1 airfoil was specially designed for low-speed aviation application with a large 
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leading-edge radius in order to flatten the peak in pressure coefficient near the airfoil nose to 
discourage flow separation [19].  The GA(W)-1 airfoil has the maximum thickness of 17% of 
the chord length.  The flat plate has a rectangular cross section without any rounding 
treatment at the leading edge and trailing edge.  The shape of the corrugated dragonfly airfoil 
corresponds to the forewing of a dragonfly (Aeshna cyanea) acquired at the mid section of 
the wing, which was digitally extracted from the profiles given by Kesel (Figure 1 & 6).   
The flat plate and the corrugated dragonfly airfoil are made out of balsa with thickness of 4.0 
mm.  These test airfoils have the same dimension of 101mm chord and 300mm span.  The 
flow velocity at the inlet of the test section was set to ∞U =5.0 m/s for the present study, 
which corresponds to a chord Reynolds number, 4104.3Re ×=c . 
 
 
Figure 6. Cross Section of the Dragonfly Wing 
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Figure 7. Detailed Cross Sectional Design of the 2-D Corrugated Dragonfly Airfoil Tested 
 
 
2.3. Experimental Results and Discussion 
 
Figures 8-10 show the measured velocity fields around the test airfoils at 5.0 degrees 
angle of attack.  Even though the GA(W)-1 is a specially designed low speed airfoil with a 
large leading edge radius to flatten the peak in pressure coefficient near the airfoil nose to 
discourage flow separation, flow separation was still found to take place on the lifting surface 
at 5.0 degrees angle of attack because of the low Reynolds number flow.  A large separation 
bubble was generated near the trailing edge of the airfoil as a result of the flow separation.  
For the flat plate, the flow was found to attach to the upper surface of the plate, and no large-
scale flow separation was found at 5.0degrees angle of attack.  For the corrugated dragonfly 
airfoil, while small separation bubbles were found to sit in the valleys of the corrugated cross 
section, high-speed streams outside of valleys were found to flow smoothly along an 
“envelope” profile constructed by fitting a spleen through the protruding corners of 
corrugated cross section (i.e. a smooth shape formed by filling the separation bubbles rigidly 
in the valleys).  No large-scale flow separation could be found for the flow over the 
corrugated dragonfly airfoil at 5.0 degrees angle of attack. 
Dimensions in centimeters 
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Figure 8. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution (left) and Ensemble-
Averaged Streamline (right) around the GA(W)-1 at AOA=5.0 degrees 
    
Figure 9. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution (left) and Ensemble-
Averaged Streamline (right) around the Flat Plate at AOA=5.0 degrees 
    
Figure 10. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution (left) and Ensemble-
Averaged Streamline (right) around the Corrugated Dragonfly Airfoil at AOA=5.0degrees 
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Figure 11. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution (left) and Ensemble-
Averaged Streamline (right) around the GA(W)-1 at AOA=7.5 degrees 
    
Figure 12. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution (left) and Ensemble-
Averaged Streamline (right) around the Flat Plate at AOA=7.5 degrees 
    
Figure 13. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution (left) and Ensemble-
Averaged Streamline (right) around the Corrugated Dragonfly Airfoil at AOA=7.5degrees 
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Figure 14. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution (left) and Ensemble-
Averaged Streamline (right) around the GA(W)-1 at AOA=10.0 degrees 
    
Figure 15. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution (left) and Ensemble-
Averaged Streamline (right) around the Flat Plate at AOA=10.0 degrees 
    
Figure 16. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution (left) and Ensemble-
Averaged Streamline (right) around the Corrugated Dragonfly Airfoil at AOA=10.0degrees 
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Figure 17. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution (left) and Ensemble-
Averaged Streamline (right) around the GA(W)-1 at AOA=12.5 degrees 
    
Figure 18. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution (left) and Ensemble-
Averaged Streamline (right) around the Flat Plate at AOA=12.5 degrees 
    
Figure 19. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution (left) and Ensemble-
Averaged Streamline (right) around the Corrugated Dragonfly Airfoil at AOA=12.5degrees 
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Figure 20. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution (left) and Ensemble-
Averaged Streamline (right) around the GA(W)-1 at AOA=15.0 degrees 
    
Figure 21. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution (left) and Ensemble-
Averaged Streamline (right) around the Flat Plate at AOA=15.0 degrees 
    
Figure 22. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution (left) and Ensemble-
Averaged Streamline (right) around the Corrugated Dragonfly Airfoil at AOA=15.0degrees 
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 GA(W)-1, Angle of Attack = 5.0 degrees     GA(W)-1, Angle of Attack = 7.5 degrees 
    
 GA(W)-1, Angle of Attack = 10.0 degrees     GA(W)-1, Angle of Attack = 12.5 degrees 
 
 GA(W)-1, Angle of Attack = 15.0 degrees 
Figure 23. Ensemble-Averaged Velocity Vectors around the GA(W)-1 
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 Flat Plate, Angle of Attack = 5.0 degrees     Flat Plate, Angle of Attack = 7.5 degrees 
    
 Flat Plate, Angle of Attack = 10.0 degrees     Flat Plate, Angle of Attack = 12.5 degrees 
 
 Flat Plate, Angle of Attack = 15.0 degrees 
Figure 24. Ensemble-Averaged Velocity Vectors around the Flat Plate 
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 Dragonfly, Angle of Attack = 5.0 degrees     Dragonfly, Angle of Attack = 7.5 degrees 
    
 Dragonfly, Angle of Attack = 10.0 degrees     Dragonfly, Angle of Attack = 12.5 degrees 
 
 Dragonfly, Angle of Attack = 15.0 degrees 
Figure 25. Ensemble-Averaged Velocity Vectors around the Dragonfly Airfoil 
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Figures 11-13 show the flow behavior around the test airfoils at 7.5 degrees angle of 
attack.  Separation point on upper surface of the GA(W)-1 was found to shift further 
upstream compared to that at 5.0 degrees angle of attack.  The GA(W)-1 airfoil was found to 
stall completely, which resulted in a very large circulation region almost all the way across 
the lifting surface of the airfoil.  The large deflection of the velocity profile at the exit of the 
measurement window (at about X=150mm) indicates a much bigger drag force acting on the 
GA(W)-1 airfoil due to the airfoil stall (figure 23).  As the angle of attack increased to 10 
degrees, flow separation was also found on the upper surface of the flat plate due to bigger 
adverse pressure gradient.  The velocity deflection downstream of the flat plate was found to 
be smaller compared with that of the GA(W)-1 airfoil, which indicates that drag on the flat 
plate is smaller that that of the GA(W)-1 airfoil (Figure 23-24).  However, for the corrugated 
dragonfly airfoil, high-speed flow streams were still found to follow the “envelope” profile of 
the corrugated cross section faithfully, and no large scale flow separation could be found 
until 12.5 degrees angle of attack. (Figure 19)  
As angle of attack increases, the adverse pressure gradient over the surface of the 
airfoils becomes bigger and bigger.  Therefore, the separation regions over the upper surfaces 
of the GA(W)-1 airfoil and the flat plate enlarged significantly when the angle of attack was 
increased to 15.0 degrees (Figure 20-22).  The velocity deflection downstream these two 
airfoils at the exit of the measurement windows became much more serious compared with 
those with smaller angles of attack, which indicates much larger drag forces acting on the 
airfoils.  Because of the existence of much larger adverse pressure gradient at 15.0 degrees 
angle of attack, the high-speed flow stream around the corrugated dragonfly airfoil could not 
follow the “envelope” profile of the corrugated cross section anymore (Figure 22).  Large-
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scale flow separation was found to occur on the upper surface of the corrugated dragonfly 
airfoil, which resulted in a large circulation region downstream the corrugated airfoil. 
These PIV measurement results demonstrated clearly that the corrugated dragonfly 
airfoil could delay large-scale flow separation and airfoil stall to a much larger angle of 
attack (up to 12.5 degrees) compared with the streamlined GA(W)-1 airfoil and the flat plate.  
However, it is important to note that even though the corrugated dragonfly airfoil could delay 
large-scale flow separation and airfoil stall, once flow separation occurred on the upper 
surface of the corrugated dragonfly airfoil, the circulation region downstream was found to 
be larger than those downstream the streamlined GA(W)-1 airfoil and the flat plate at the 
same angle of attack.  The velocity deficit was also found to become much more serious at 
the exit of the measurement window, which indicated bigger drag force acting on the airfoil. 
In order to elucidate the fundamental mechanism of how and why the corrugated 
dragonfly airfoil has much better performance to delay large-scale flow separation and airfoil 
stall compared with the streamlined airfoils and the flat plates at low Reynolds numbers, 
refined PIV measurements near the leading edges of the airfoils were made to investigate 
detailed flow structures around the noses of the airfoils. The measurement results are given in 
figure 26-34. 
As described in the review articles of Lissaman [20] and Gad-el-Hak [21], for 
streamlined airfoils at low Reynolds numbers (Rec <105), the boundary layers would remain 
laminar at the onset of the pressure recovery unless artificially tripped. Laminar boundary 
layers are unable to withstand any significant adverse pressure gradient.  Therefore, the 
performance of traditional, streamlined airfoils at low Reynolds numbers is entirely dictated 
by the relatively poor separation resistance of the laminar boundary layers.  The laminar 
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boundary layer over the streamlined GA (W)-1 airfoil was visualized clearly as a thin vortex 
layer over the nose of the airfoil in the instantaneous vorticity distribution given in figure 26.  
As indicated in the PIV measurements, the laminar boundary layer would separate easily 
from the upper surface of the streamlined airfoil since the laminar boundary layer has poor 
resistance to the adverse pressure gradient.  As shown in the mean velocity field, a large-
scale separation bubble was generated over the upper surface of the GA (W)-1 airfoil after 
the separation point.  The separated boundary layer behaved more like a free shear layer, 
which was highly unstable.  Therefore, rolling-up of Kelvin-Helmholtz vortex structures and 
transition to turbulence would be readily realized.  Because of the laminar nature of the flow 
around the nose of the streamlined airfoil, the regions with higher turbulent kinetic energy 
were found to be confined within the thin shear layer after the laminar boundary layer 
separates from the upper surface of the GA(W)-1 airfoil. 
Since a turbulent boundary layer is more capable of advancing against adverse 
pressure gradient without flow separation [20], the necessity of eliminating laminar 
separation to improve aerodynamic performances at low Reynolds number has led to the 
development of technique to artificially accelerate transition or to “turbulate” the laminar 
boundary layers over streamlined airfoils.  A wide variety of transition-prompting devices, 
called “turbulators”, has already been suggested to accomplish this, and they are discussed in 
detail by Carmichael [22]. 
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 GA(W)-1, AOA=5.0 degrees   GA(W)-1, AOA=7.5 degrees 
    
 GA(W)-1, AOA=10.0 degrees   GA(W)-1, AOA=12.5 degrees 
 
 GA(W)-1, AOA=15.0 degrees 
Figure 26. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution around the GA(W)-1 
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 GA(W)-1, AOA=5.0 degrees   GA(W)-1, AOA=7.5 degrees 
    
 GA(W)-1, AOA=10.0 degrees   GA(W)-1, AOA=12.5 degrees 
 
 GA(W)-1, AOA=15.0 degrees 
Figure 27. Ensemble-Averaged Streamline around the GA(W)-1 
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 GA(W)-1, AOA=5.0 degrees   GA(W)-1, AOA=7.5 degrees 
    
 GA(W)-1, AOA=10.0 degrees   GA(W)-1, AOA=12.5 degrees 
 
 GA(W)-1, AOA=15.0 degrees 
Figure 28. Turbulent Kinetic Energy Distribution around the GA(W)-1 
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 Flat Plate, AOA=5.0 degrees   Flat Plate, AOA=7.5 degrees 
    
 Flat Plate, AOA=10.0 degrees   Flat Plate, AOA=12.5 degrees 
 
 Flat Plate, AOA=15.0 degrees 
Figure 29. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution around the Flat Plate 
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 Flat Plate, AOA=5.0 degrees   Flat Plate, AOA=7.5 degrees 
    
 Flat Plate, AOA=10.0 degrees   Flat Plate, AOA=12.5 degrees 
 
 Flat Plate, AOA=15.0 degrees 
Figure 30. Ensemble-Averaged Streamline around the Flat Plate 
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 Flat Plate, AOA=5.0 degrees   Flat Plate, AOA=7.5 degrees 
    
 Flat Plate, AOA=10.0 degrees   Flat Plate, AOA=12.5 degrees 
 
 Flat Plate, AOA=15.0 degrees 
Figure 31. Turbulent Kinetic Energy Distribution around the Flat Plate 
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Figure 29-31 reveals the detailed flow behavior around the leading edge of the flat 
plate.  At 5.0 degrees angle of attack, flow is separating from the upper surface of the flat 
plate around the leading edge creating a small separation bubble, but is reattached to the 
airfoil.  The flow reattachment is also found at 7.5 degrees angle of attack but the size of the 
separation bubble is found to be bigger than that at 5.0 degrees angle of attack and the point 
of reattachment is found to be farther downstream, closer to the trailing edge.  High-speed 
fluid stream was found to separate from the upper surface of the flat plate right away from 
the leading edge due to the low Reynolds number. The instantaneous velocity vectors and the 
spanwise vorticity distribution show that the separated flow stream “take off” at the leading 
edge of the flat plate forming a laminar shear layer at first, then, transited to be turbulent 
subsequently.  Unsteady vortex structures were found to be generated after transition due to 
the Kelvin-Helmholtz instabilities.  Compared with those vortex structures near the nose of 
the streamlined GA (W)-1 airfoil, these unsteady vortex structures were found to be much 
stronger.  The stronger vortex structures would enhance the mass and energy transfer 
between the high-speed fluid streams and the near wall circulating fluid, which resulted in a 
much higher turbulent kinetic energy level compared with that of the streamlined airfoil.   
Since the stronger Kelvin-Helmholtz vortex structures could entrain more high-speed fluid 
stream into the near wall region, therefore, the separation bubble and the velocity deficit at 
the downstream of the flat plate would be smaller than those of the streamlined GA (W)-1 
airfoil, as revealed clearly in the PIV measurement results given in figure 14 and 15. 
 
 
 
28 
 
    
 Dragonfly Airfoil, AOA=5.0 degrees  Dragonfly Airfoil, AOA=7.5 degrees 
    
 Dragonfly Airfoil, AOA=10.0 degrees  Dragonfly Airfoil, AOA=12.5 degrees 
 
 Dragonfly Airfoil, AOA=15.0 degrees 
Figure 32. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution around the Corrugated 
Dragonfly Airfoil 
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 Dragonfly Airfoil, AOA=5.0 degrees  Dragonfly Airfoil, AOA=7.5 degrees 
    
 Dragonfly Airfoil, AOA=10.0 degrees  Dragonfly Airfoil, AOA=12.5 degrees 
 
 Dragonfly Airfoil, AOA=15.0 degrees 
Figure 33. Ensemble-Averaged Streamline around the Corrugated Dragonfly Airfoil 
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 Dragonfly Airfoil, AOA=5.0 degrees  Dragonfly Airfoil, AOA=7.5 degrees 
    
 Dragonfly Airfoil, AOA=10.0 degrees  Dragonfly Airfoil, AOA=12.5 degrees 
 
 Dragonfly Airfoil, AOA=15.0 degrees 
Figure 34. Turbulent Kinetic Energy Distribution around the Corrugated Dragonfly Airfoil 
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Flow around the corrugated dragonfly airfoil is much more involved than those of the 
flat plate and the streamlined GA (W)-1 airfoil.  As visualized in the PIV measurement 
results given in figures 32-34, unsteady vortices were found to shed periodically from the 
protruding corners of the corrugated cross section, and the laminar boundary layer starting 
from the leading edge was found to transit to turbulence rapidly as it approached the first 
protruding corner.  The protruding corners of the corrugated dragonfly airfoil seem to act as 
“turbulators” to generate unsteady vortex structures that promote the transition of the 
boundary layer from laminar to turbulent.   Unlike those found for the streamlined GA (W)-1 
airfoil and flat plate where the turbulence transitions of the laminar boundary layers were 
found after the high-speed flow streams separated from the upper surfaces of the airfoils, the 
transition of the laminar boundary layer over the upper surface of the corrugated dragonfly 
airfoil was conducted without laminar flow separation.  The unsteady vortex structures 
shedding from the protruding corners were found to be trapped in the valleys of the 
corrugated cross section, which would interact with the high-speed flow streams outside the 
valleys dynamically.  Thanks to the interaction between the unsteady vortex structures and 
outside high-speed flow streams, high-speed fluid was pumped to near wall regions, which 
provided sufficient energy for the boundary layer to overcome the adverse pressure gradient 
to suppress flow separation and airfoil stall.  The mean velocity vectors and streamlines 
revealed that small circulation bubbles would be formed to fill in the valleys of the 
corrugated dragonfly airfoil. High-speed streams outside the valleys would flow smoothly 
along the “envelope” profile of the corrugated cross section (i.e., the profile was formed as 
the valleys were solidly filled with the small circulation bubbles).  The rapid transition of the 
boundary layer from laminar to turbulent could also be seen clearly from the turbulent kinetic 
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energy (TKE) distribution, where the contour lines of the regions with higher turbulent 
kinetic energy were found to diverge rapidly at the first protruding corner of the corrugate 
dragonfly airfoil.  The entrainment of high-speed fluid to near wall regions by the unsteady 
vortex structures resulted in much higher turbulent kinetic energy (TKE) level in the regions.  
Compared with the laminar boundary layer near the nose of the streamlined airfoil as shown 
in figures 32-34, such “energetic” turbulent boundary layer over the upper surface of the 
corrugated dragonfly airfoil would be much more capable of advancing against adverse 
pressure gradient to suppress flow separation.  Therefore, high-speed flow streams would be 
able to attach to the “envelope” profile of the corrugated dragonfly airfoil faithfully even at 
much larger angle of attack, while the large-scale flow separation and airfoil stall had already 
been found for the flat plate and streamlined GA (W)-1 airfoil. 
 
2.4. Concluding Remarks 
 
 
An experimental study was conducted to investigate the flow features around a 
corrugated dragonfly airfoil compared with a streamlined GA(W)-1 airfoil and a flat plate at 
low chord Reynolds number level of 34,000 to explore the potential applications of non-
traditional, corrugated dragonfly airfoils for MAV design.  The measurement results 
demonstrated clearly that the corrugated dragonfly airfoil has much better performance over 
the streamlined airfoil and flat plate in preventing flow separation and airfoil stall at low 
Reynolds numbers until higher angle of attack.  Because of the low Reynolds number, large-
scale flow separation was already found on the upper surface of the streamlined airfoil when 
the angle of attack only at 5.0 degrees.  Flow separation was also found on the upper surface 
of the flat plate as the angle of attack reaches 8 degrees.  No apparent large-scale flow 
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separation or airfoil stall could be found for the corrugated dragonfly until 12.5 degrees angle 
of attack.  The detailed PIV measurements near the noses of the airfoils elucidated 
underlying physics about why the corrugated dragonfly airfoil could suppress large-scale 
flow separation and airfoil stall at low Reynolds numbers.  Instead of having laminar 
separation, the protruding corners of the corrugated dragonfly airfoil were found to be acting 
as “turbulators” to generate unsteady vortices to promote the transition of the boundary layer 
from laminar to turbulent rapidly.  The unsteady vortices trapped in the valleys of the 
corrugated cross section could pump high-speed fluid from outside to near wall regions to 
provide sufficient energy for the boundary layer flow to overcome the adverse pressure 
gradient, thus, discourage flow separations and airfoil stall.  Although several previous 
investigations have been conducted to study the aerodynamics of dragonfly wings and/or 
corrugated dragonfly airfoils, the work reported here is believed to be the first to provide 
detailed, quantitative flow measurements to elucidate the underlying physics of how and why 
corrugated dragonfly airfoils could have good aerodynamic performance for low Reynolds 
number flight and to explore their potential application in MAV designs.  
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Chapter 3. Exploring Biologically-Inspired Membrane Airfoils 
 
3.1. Introduction to Flexible Membrane Airfoils 
 
 
As mentioned in the earlier chapter, a number of flying species such as flying 
mammals have non-rigid wings, unlike commercial airfoils.  These flying mammals’ wings 
are formed as membrane structure with flexible skin.  These flying animals have developed 
their wings over 150 million years and have far better aerodynamic performances than 
commercial airfoils that have developed over only about one hundred years [2-3].  Every 
year, there is an annual MAV competition in the United States.  University of Florida has 
been achieving great successes in winning these competitions with their MAVs which use 
biologically inspired flexible membrane airfoils.  In low-Reynolds number flight, flexible 
airfoils deform continuously, allowing the airfoil structure to absorb the inconsistencies in 
the air currents while giving greatly improved stability [23-27].  This technology, know as 
gust suppression, was the key element in the University of Florida team’s success in the 
MAV competitions [29-32]. 
Though some investigations on biologically inspired flexible membrane airfoils have 
already been performed especially by the University of Florida MAV team and the 
University of Arizona MAV team, who both have achieved great successes in annual MAV 
competitions, more quantitative investigations of flow behavior around flexible membrane 
airfoils are still to be performed [33].  In this chapter, detailed experimental investigation of 
the flow features around flexible membrane airfoils, compared with a rigid airfoil counterpart 
at low Reynolds number is reported.  Design of the cross section of the main frame of the test 
airfoils was adopted from the MAV design of University of Florida MAV team, the winning 
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team of the annual MAV competitions for the last three years, knowing that their design is 
one of the best existing MAV airfoils designs [34, 35].  The cross section design from 
University of Florida MAV team was created by the two-dimensional code called XFOIL, 
which was developed by Mark Drela at MIT [36-38].  The primary goal of the computational 
scheme was to accurately predict laminar and turbulent separated flows in order to precisely 
model laminar separation bubble behavior [36, 39].  The objective function used in the 
optimization to create the airfoil shape was maximum lift to drag ratio for a zero-pitching 
moment wing at MAV-range Reynolds number [40].  Without a separate horizontal 
stabilizing surface the moment needed to counteract the pitching tendency of the wing was 
produced by reflex curvature at the trailing edge [29-31, 41].  
The test airfoils in the present study were made with 10 layers of carbon fiber and a 
piece of latex sheet, which was used as “skin” for the flexible membrane airfoils.  Shown in 
figure 38, six airfoils were created as a variation to study the effect of flexible skin on the 
airfoils; one rigid airfoil and five flexible membrane airfoils with different numbers of ribs 
equally dividing the flexible latex skin.  Variation of flexible membrane airfoils was crafted 
with different numbers of ribs to study the effect of flexibility and deformation allowance. 
 
3.2. Making the Test Airfoils 
 
In order to make the test airfoils, a metal plate was bent to have the cross sectional 
design shown in figure 35 as a template.  Since the focus of the present study is to investigate 
the effect of flexible skin, the main frame of the airfoils needed to be as resistible to stress as 
possible.  To provide sufficient stiffness, carbon fiber was used as the material for the main 
frame structure.  Carbon fiber is a commonly used material for MAV airfoils and even 
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commercial airfoils these days since it is a low-cost and highly stress-resistant material when 
cured in multi-directional lay-up [42-48].  10 layers of uni-directional pre-preg carbon fiber 
were layered on the metal template with cross lay-up procedure.  Cross lay-up procedure is a 
procedure to lay multi uni-directional fibers right angle to each fiber direction to have strong 
resistance to stress in two directions.  Once the fibers are laid on the template, they were 
placed in a vacuum bag for decompression making sure that fibers would cure following the 
curvature of the template.  Layers of carbon fiber were cured at 300 degrees Fahrenheit in an 
conventional oven with continuous decompression in a vacuum bag for 6 hours then cooled 
down to room temperature (figure 36-37). 
 
 
Figure 35. Cross Sectional Design of the Main Frame of the Test Airfoils 
 
 
Figure 36. Layers of Carbon Fiber Laid on the Metal Template in a Vacuum Bag  
 
 
c=105mm 
0.34 c 
0.08c 
0.01c 0.90c 
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Figure 37. Vacuum Bag in the Oven for Curing Process 
 
 
Once the carbon fiber frame was cured, the surface of the frame was smoothed with a 
very fine sand paper (#1200-2000).  Once the surface was smoothed, 0.1524mm (0.006in.) 
thickness latex sheet was taped on to the mainframe as skin of the airfoil.  A piece of latex 
sheet was taped on to the carbon fiber frame covering both upper and lower surface of the 
airfoil overlapping the leading edge.  5% spanwise enlargement was applied to the latex sheet 
while taping to ensure the same initial tension on the skin for all the flexible membrane 
airfoils.  The latex sheet was also taped together at the trailing edge to ensure that there is no 
gap between upper and lower surface at the trailing edge.  Detailed designs of the testing 
airfoils and the plan-form are shown in table 1 and figure 38. 
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Airfoil  # of 
ribs 
Span-wise length of 
each latex skins 
(mm) 
Flexible 
Surface (%) 
Rigid 
Surface (%) 
CS None No Skin 0 100 
CF00 None 260.4 85.8 14.2 
CF01 1 127.0 83.9 16.1 
CF02 2 82.6 80.2 19.8 
CF03 3 60.3 74.7 25.3 
CF10 10 18.5 59.2 40.8 
Table 1. Detailed Design of the Test Airfoils 
 
 
 
 
Figure 38. Plan-form Designs of the Test Airfoils 
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3.3. Experimental Procedures 
 
As a first step of the investigation, total aerodynamic forces acting on the airfoils 
were measured to investigate the aerodynamic characteristics on the airfoils.  Once total 
aerodynamic characteristics were calculated and compared, more detailed flow behaviors 
around the test airfoils were investigated using the PIV technique.  The chord Reynolds 
numbers are usually relatively small for actual flying animals, i.e., ReC < 5,000.  With 
potential applications for MAVs in mind, chord Reynolds number of Rec =80,000, which is 
11.5 m/s free stream incoming flow, was chosen to conduct the present study, i.e., also in the 
range where MAVs usually operate.  Due to the sensitivity of JR3 Force/Moment Transducer, 
chord Reynolds number of this experiment was chosen to be higher than the experimental 
investigated in the previous chapter. 
 
3.3.1. Force Measurement 
 
JR3 Force/Moment Transducer (Model: 30E12A4-I40-EF40N3.1) was used to 
investigate the total aerodynamic forces acting on the test airfoils.  JR3 sensors are capable of 
measuring the force on three orthogonal axes, and the moment (torque) about each axis, to 
completely define the loading at the sensor's location.  JR3 sensors use a unique design 
where the bottom of the sensor has captive bolts which allow direct connection to the user's 
tool flange.  The top of the transducer contains a copy of the tool flange.  This feature 
eliminates the need for adapter plates, which saves weight and lowers the installed height.  
JR3 sensors are very stiff, allowing the sensor to be incorporated into the system with 
minimal degradation of system dynamics and positioning accuracy.  The high stiffness also 
results in a high resonant frequency, allowing accurate sensor response to rapid force changes 
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[49].  The custom JR3 sensor used in the present study has load capacities of 40 Newton 
force with 0.001% accuracy (0.004N). Sensor size of the unit is 3.0 inch diameter and 1.25 
inch thickness with sampling rate of up to 8 kHz.  A custom designed/machined metal 
cylinder which holds test airfoils was inserted to the internal sensor of JR3 to measure the 
force acting on the airfoil.  As seen in figure 39, JR3 unit was installed on the test section 
wall to measure the total aerodynamic forces acting on the test airfoils.  Inside the test section, 
it was necessary to have very small clearance between the edges of the airfoil and the test 
section wall (clearance of about 2mm, less than 0.7% of the span length of the airfoil) in 
order to assure as small aerodynamic effect from the cylinder and interaction by the airfoil 
touching the wall as possible.  In the present study, 15000 force data sets were taken at 
sampling rate of 1000 Hz in order to obtain the averaged total aerodynamic forces, (lift and 
drag force) over 15 seconds period.  The test angles of attack were set to 0 degrees to 20 
degrees with 2 degree increment. 
 
 
Figure 39. Force Measurement Setup with JR3 Force/Moment Transducer  
 
Air Flow
Airfoil
JR3
Rigid Metal Cylinder
JR3 Force/Moment Transducer
Test Section
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3.3.2. PIV Measurement 
 
 Instantaneous PIV velocity vectors were obtained by the same procedure shown in the 
previous experiment.  The measurement window size was about 150mm×100mm for this 
experiment.  After the instantaneous velocity vectors ( ii vu , ) were determined, spanwise 
vorticity ( zϖ ) , time-averaged quantities such as mean velocity ( VU , ), and turbulent 
velocity fluctuations ( 'u , 'v )  were obtained from a cinema sequence of 199 frames of 
instantaneous velocity fields.  The measurement uncertainty level for the velocity vectors 
was also estimated to be within 2.0%.  The uncertainty level of the spanwise vorticity data is 
expected to be within 10.0%.  
 
3.4. Experimental Results and Discussion 
 
3.4.1. Total Aerodynamic Force Measurement 
 
Aerodynamic characteristics (lift coefficient and drag coefficient) on the airfoils were 
calculated from the total aerodynamic force investigation at Rec=80,000.  The measurements 
were taken at angle of attack range from 0 to 20 degrees with 2 degrees increment.  After the 
acquisition of 15,000 total forces data sets at 1000 Hz acquisition rate, aerodynamic 
characteristics were calculated on each airfoil.  
Coefficient of drag (Figure 40) clearly shows that the drag performance of the rigid 
airfoil is significantly worse than those of the flexible membrane airfoils at higher angle of 
attack (AOA ≥ 10.0°).   Due to the flow separation on the lifting surface and airfoil stall of 
the rigid airfoil, CS, the drag force has increased dramatically.  While the rigid airfoil has its 
airfoil stall between 10.0° and 12.0° angle of attack, airfoil stall angle on flexible membrane 
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airfoils were not found until between 14.0° and 16.0°.  Compared with the other testing 
airfoils, drag force acting on CF00 was found to be highest of all until 10° AOA and the 
lowest of all after 12° AOA.  By having 85.8% flexible surface area, CF00 airfoil is causing 
itself to have very poor resistance to adverse pressure gradient by flapping at lower angle of 
attack.  Even though the drag performance of CF00 at higher angle of attack (AOA ≥ 12°) is 
better than the other testing airfoils, CF00 would not be a very practical airfoil for MAV due 
to the very poor stability.  This can also be seen from the lift performance and lift-to-drag 
ratio shown in figure 41 and 42.  Lift performance of CF00 is also found to be very unstable 
and worse than any other test airfoils.  Lift-to-Drag ratio also reveals that CF00 has very poor 
performance at lower angles of attack.  Drag performance of CF01 was also found to be poor 
at lower angle of attack, but due to a delayed separation angle of attack, drag performance 
was found to be better than the rigid airfoil at angles of attack higher than 10.0 degrees.  
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Figure 40. Coefficient of Drag vs AOA (0 to 20 Degrees), Rec=80,000  
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Coefficient of Lift vs Angle of Attack
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Figure 41. Coefficient of Lift vs AOA (0 to 20 Degrees), Rec=80,000 
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Figure 42. Lift-to-Drag Ratio vs AOA (0 to 20 degrees), Rec=80,000 
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Unlike the drag performance, the lift performance (Figure 41) has revealed that there 
is no significant difference between performance of rigid airfoil and flexible membrane 
airfoils, besides CF00.  Due to the flow separation and airfoil stall, the lift performance is 
worse than those of most of the flexible membrane airfoils when AOA is higher than 10.0°.  
Between 10.0° and 12.0° angle of attack, the lift coefficient also shows that the CF10, the 
flexible airfoil with most number of ribs has similar characteristics to the rigid airfoil. 
It can be seen from the lift-to-drag ration shown in figure 42, that the CF03 airfoil has 
the best lift-to-drag performance of all the airfoils.  While CF03 has the best performance of 
all, all the other flexible membrane airfoils (CF01, CF02, CF10, and CF00) were found to 
have closer or worse performance than the rigid airfoil at lower angle of attack (AOA≤ 10 °).  
Once the angle of attack is increased to higher than 10 degrees, performance of the rigid 
airfoil dropped significantly due to its flow separation and airfoil stall.  While CF01 has more 
drag force acting on it than other flexible membrane airfoils at lower angles of attack (AOA 
≤ 12°), stall angle was found to be higher than that of the rigid airfoil.  Once angle of attack 
is increased to higher than 12 degrees, its drag performance was found to be similar to the 
other membrane airfoils.  Although CF10 has better drag performance than the rigid airfoil, 
the drag performance was found to be worse than the other flexible membrane airfoils at 
higher angle of attack (12° ≤ AOA).  Lift-to-drag ratio has revealed that CF10 has closer 
characteristics to the rigid airfoil, just slightly better at some of the angles.  Due to small 
stretch allowance, CF10 airfoil still has better drag performance than the rigid airfoil by 
delaying the flow separation and airfoil.  However, drag performance is still not as good as 
the other membrane airfoils.  Having 10 ribs has resulted in more tension applied to the skin 
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and not enough skin deformation was allowed on CF10.  Even though there is a deformation 
of the flexible skin, the CF10 airfoil was found to have closer behavior to the rigid airfoil.  
Total aerodynamic force measurements have clearly demonstrated that CF03 has the 
best aerodynamic performance of all the test airfoils (highest lift force and lowest drag force).   
It has also been clearly demonstrated that flexible membrane airfoils could have better 
aerodynamic performance and delay flow separation until a higher angle of attack when 
compared with a rigid airfoil.  It needs to be noted that although CF03 was found to have 
much better performance than the rigid airfoil, there was also a case such as CF00.  CF00 has 
the most flexible skin surface and found to have a very poor aerodynamic performance and 
stability, even worse than the rigid airfoil.  This quantitative total aerodynamic force 
measurement has demonstrated that flexible membrane airfoils need to be provided with 
sufficient tension to have good aerodynamic performance. 
 
3.4.2 PIV Measurement  
 
 
Total aerodynamic force investigation has given quantitative aerodynamic 
characteristics of the test airfoils.   When compared with the rigid counterpart, the flexible 
membrane airfoil could reduce drag force and increase the lift force acting on the airfoil as 
well as delaying flow separation and airfoil stall until higher angles of attack.  From the 
aerodynamic performance investigated, four test airfoils were chosen for detailed flow 
feature investigation using PIV technique.  CS airfoil, the only rigid airfoil, and three flexible 
membrane airfoils, CF01, CF02, and CF03 were chosen for this detailed flow feature 
investigation.  The other two airfoils were not chosen for this investigation; CF00 due to its 
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poor potential for MAV application and CF10 due to its similar aerodynamic characteristic to 
the rigid airfoil. 
 
Figure 43. Planes of Focus on the Test Airfoils 
 
  Although the membrane airfoils really have three-dimensional flow structure, the 
planes of focus were set to the plane where most deformation is expected to occur to study 
more about the flow behavior due to their skin deformation.  The planes of focus for these 
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two-dimensional PIV measurements were set at the mid span of the rigid airfoil.  The planes 
of focus for the flexible membrane airfoils were set at the mid span of the skin section where 
most deformation was expected (Figure 43).  Although several previous investigations have 
been conducted to study the flow behavior around flexible membrane airfoils, this work 
reported here is believed to be the first to provide detailed, quantitative flow behavior 
measurements to elucidate the underlying physics of how and why the flexible membrane 
airfoils could have good aerodynamic performance at low Reynolds number flight and to 
explore their potential in MAV designs.  
Figure 44-65 show the detailed flow features around the test airfoils obtained from 
the PIV measurements at Rec=80,000.  In these measurement results, the white curves 
represent the main frame of the airfoils and a thick black lines represent the flexible skin 
being deformed on the flexible membrane airfoils. 
At angle of attack of 6.0 degrees (figure 44-46), deformation of the flexible skin was 
already found on the flexible membrane airfoils.  CF03 has the most deformation, then CF01 
and CF02 follows.  No large scale flow separation could be found on the flow over any of the 
test airfoils at 6.0 degrees angle of attack.  All the test airfoils have the flow attached to the 
upper surface.  It is very important to notice that skin on the flexible membrane airfoils have 
deformed to cambered shapes by the incoming flow.  Due to the deformation, the angle of 
attack of the cambered skin is found to be smaller than that of the main frame.  Figure 44 
shows the instantaneous velocity vectors and spanwise vorticity distribution around the test 
airfoils at angle of attack of 6.0 degrees.  No unsteady vortices were found since the flow was 
still attached to the test airfoils. 
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At 8.0 degrees angle of attack (figure 47-49), no large scale flow separation was still 
found.  As discussed earlier in the force measurement investigation, when angle of attack is 
increased to higher than 10.0 degrees, the drag force on the rigid airfoil increases 
dramatically due to flow separation and airfoil stall.  Therefore, no large-scale flow 
separation on the upper surface of the rigid airfoil was expected at this angle of attack. 
When angle of attack was increased to 10.0 degrees, large-scale flow separation was 
found on the upper surface of the rigid airfoil around the mid span (figure 50-52).  Due to the 
flow separation around the mid span and reattachment close to the trailing edge, separation 
bubble was generated in the region.  Figure 52 shows the ensemble-averaged velocity field 
around the test airfoils.  Velocity profile deflection at the end of the measurement plane 
(about x=125mm) shows the drag forces acting on the test airfoils.  Bigger velocity profile 
deflection was found at the end of the measurement plane of the rigid airfoil which indicates 
more drag force was produced by the flow separation and the existence of separation bubble.  
Instantaneous spanwise vorticity distribution (figure 50) also shows the unsteady vortex 
structure around the rigid airfoil at this angle.  Flow separation and reattachment were also 
found upstream on the top surface (20mm ≤ x ≤ 50mm) creating a smaller separation bubble 
and then separated again creating larger separation bubble (x ≥ 50mm).  No large-scale flow 
separation was yet found on the flexible membrane airfoils at this angle of attack. 
Flow around the flexible membrane airfoils still stayed attached to the upper surface 
of the airfoils and no flow separation was found at 12.0 degrees angle of attack (figure 53-55).  
However, the separation point on the rigid airfoil has moved further upstream creating larger 
separation bubble with bigger unsteady vortex structure.  Velocity deflection at the end of the 
measurement window of the rigid airfoil has become dramatically bigger compared to that at 
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lower angles of attack.  From the force measurement results, the drag force acting on the 
airfoil has increased dramatically at angle of attack higher than 10.0 degrees and as it was 
expected, the airfoil stall on the rigid airfoil was found.  The detailed investigation of flow 
feature with PIV technique has proved that the rigid airfoil has its flow separation and airfoil 
stall between 10 degrees and 12.0 degrees angle of attack.  When angle of attack was 
increased to 14.0 degrees (figure 56-58), large-scale flow separations were finally found on 
the upper surfaces of CF01 and CF02.  However, reattachment was found right away 
downstream creating small separation bubbles.  Although the unsteady vortex structure 
started to form, due to the flow reattachment, airfoil stall was not found on the upper surfaces 
of these two flexible membrane airfoils.  Therefore, no dramatic increase in drag force was 
found to take place.  As angle of attack increases, the adverse pressure gradient over the 
surface of the rigid airfoil increased bigger and bigger.  Therefore, the separation region over 
the upper surface of the rigid airfoil enlarged significantly.   Velocity deflection downstream 
the rigid airfoil became much larger (figure 58), which indicates serious increase in drag 
force.  Even though the rigid airfoil has already stalled at 14 degrees angle of attack, flow 
around the membrane airfoils has only started to separate from the upper surface, with 
reattachment at this angle of attack.  Due to the deformation of the skin, surface of the 
membrane airfoil at the measurement plane is deformed to a cambered shape and also 
reduced the effective angle of attack compared with the main frame, which resulted in more 
resistance to the adverse pressure gradient and delayed the flow separation. 
After generation separation bubbles on upper surface of the CF01 and CF02 at 14.0 
degrees angle of attack, airfoil stall was found on these airfoils at 16.0 degrees angle of attack 
(figure58-60).  Higher speed flow has taken off at the leading edge of each airfoil and created 
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large separation bubble and unsteady vortex structure.  Instantaneous spanwise vorticity 
distribution also shows that the flow has separated from the upper surface of the CF03 airfoil 
and reattached right away generating small separation bubble.  Though velocity deflection at 
the end of measurement plane of CF03 (about x=120mm) shows that the drag force has 
increased, airfoil stall was not yet to be found.  At this angle, CF03 is the only test airfoil that 
has not yet stalled.  According to the force measurement discussed earlier, CF03 airfoil has 
the best aerodynamic performance of all with the highest stall angle of attack.  This detailed 
investigation on flow feature around the test airfoils is also showing that aerodynamic 
performance on the CF03 airfoil is good compared to the other test airfoil. 
When angle of attack is increased to 18.0 degrees, airfoil stall was finally found on 
CF03.  Figure 62-64 shows the flow behavior around the flexible membrane airfoils at angle 
of attack of 18.0 degrees.   The instantaneous velocity vectors and spanwise vorticity 
distribution show that the separated flow stream “take off” at the leading edge of the airfoil 
forming a laminar shear layer at first, then, transited to be turbulent subsequently.  Unsteady 
vortex structures were found to be generated after transition due to the Kelvin-Helmholtz 
instabilities.  When focusing on the deformation of the flexible skin on the flexible 
membrane airfoils, CF03 still has the largest deformation.  Quantitative total aerodynamic 
force investigation and detailed flow behavior investigation on the test airfoils has shown that 
the it is very necessary to have right number of ribs providing optimized tension in order for 
the membrane airfoils to have better performance than a rigid airfoil. 
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Instantaneous Vorticity, CF01, AOA=6.0° Instantaneous Vorticity, CF02, AOA=6.0° 
 
    
Instantaneous Vorticity, CF03, AOA=6.0° Instantaneous Vorticity, CS, AOA=6.0° 
Figure 44. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution  
around the Test Airfoils at AOA=6.0 degrees 
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Averaged Streamline, CF01, AOA=6.0° Averaged Streamline, CF02, AOA=6.0° 
 
    
Averaged Streamline, CF03, AOA=6.0° Averaged Streamline, CS, AOA=6.0° 
Figure 45. Ensemble-Averaged Streamline around the Test Airfoils at AOA=6.0 degrees 
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Averaged Velocity, CF01, AOA=6.0° Averaged Velocity, CF02, AOA=6.0° 
 
    
Averaged Velocity, CF03, AOA=6.0° Averaged Velocity, CS, AOA=6.0° 
Figure 46. Ensemble-Averaged Velocity Vectors around the Test Airfoils at AOA=6.0 degrees 
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Instantaneous Vorticity, CF01, AOA=8.0° Instantaneous Vorticity, CF02, AOA=8.0° 
 
    
Instantaneous Vorticity, CF03, AOA=8.0° Instantaneous Vorticity, CS, AOA=8.0° 
Figure 47. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution 
around the Test Airfoils at AOA=8.0 degrees 
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Averaged Streamline, CF01, AOA=8.0° Averaged Streamline, CF02, AOA=8.0° 
 
    
Averaged Streamline, CF03, AOA=8.0° Averaged Streamline, CS, AOA=8.0° 
Figure 48. Ensemble-Averaged Streamline around the Test Airfoils at AOA=8.0 degrees 
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Averaged Velocity, CF01, AOA=8.0° Averaged Velocity, CF02, AOA=8.0° 
 
    
Averaged Velocity, CF03, AOA=8.0° Averaged Velocity, CS, AOA=8.0° 
Figure 49. Ensemble-Averaged Velocity Vectors around the Test Airfoils at AOA=8.0 degrees 
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Instantaneous Vorticity, CF01, AOA=10.0° Instantaneous Vorticity, CF02, AOA=10.0° 
 
    
Instantaneous Vorticity, CF03, AOA=10.0° Instantaneous Vorticity, CS, AOA=10.0° 
Figure 50. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution 
around the Test Airfoils at AOA=10.0 degrees 
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Averaged Streamline, CF01, AOA=10.0° Averaged Streamline, CF02, AOA=10.0° 
 
    
Averaged Streamline, CF03, AOA=10.0° Averaged Streamline, CS, AOA=10.0° 
Figure 51. Ensemble-Averaged Streamline around the Test Airfoils at AOA=10.0 degrees 
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Averaged Velocity, CF01, AOA=10.0° Averaged Velocity, CF02, AOA=10.0° 
 
    
Averaged Velocity, CF03, AOA=10.0° Averaged Velocity, CS, AOA=10.0° 
Figure 52. Ensemble-Averaged Velocity Vectors around the Test Airfoils at AOA=10.0 degrees 
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Instantaneous Vorticity, CF01, AOA=12.0° Instantaneous Vorticity, CF02, AOA=12.0° 
 
    
Instantaneous Vorticity, CF03, AOA=12.0° Instantaneous Vorticity, CS, AOA=12.0° 
Figure 53. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution 
around the Test Airfoils at AOA=12.0 degrees 
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Averaged Streamline, CF01, AOA=12.0° Averaged Streamline, CF02, AOA=12.0° 
 
    
Averaged Streamline, CF03, AOA=12.0° Averaged Streamline, CS, AOA=12.0° 
Figure 54. Ensemble-Averaged Streamline around the Test Airfoils at AOA=12.0 degrees 
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Averaged Velocity, CF01, AOA=12.0° Averaged Velocity, CF02, AOA=12.0° 
 
    
Averaged Velocity, CF03, AOA=12.0° Averaged Velocity, CS, AOA=12.0° 
Figure 55. Ensemble-Averaged Velocity Vectors around the Test Airfoils at AOA=12.0 degrees 
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Instantaneous Vorticity, CF01, AOA=14.0° Instantaneous Vorticity, CF02, AOA=14.0° 
 
    
Instantaneous Vorticity, CF03, AOA=14.0° Instantaneous Vorticity, CS, AOA=14.0° 
Figure 56. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution 
around the Test Airfoils at AOA=14.0 degrees 
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Averaged Streamline, CF01, AOA=14.0° Averaged Streamline, CF02, AOA=14.0° 
 
    
Averaged Streamline, CF03, AOA=14.0° Averaged Streamline, CS, AOA=14.0° 
Figure 57. Ensemble-Averaged Streamline Around the test airfoils at AOA=14.0 degrees 
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Averaged Velocity, CF01, AOA=14.0° Averaged Velocity, CF02, AOA=14.0° 
 
    
Averaged Velocity, CF03, AOA=14.0° Averaged Velocity, CS, AOA=14.0° 
Figure 58. Ensemble-Averaged Velocity Vectors around the Test Airfoils at AOA=14.0 degrees 
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Instantaneous Vorticity, CF01, AOA=16.0° Instantaneous Vorticity, CF02, AOA=16.0° 
 
    
Instantaneous Vorticity, CF03, AOA=16.0° Instantaneous Vorticity, CS, AOA=16.0° 
Figure 59. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution 
around the Test Airfoils at AOA=16.0 degrees 
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Averaged Streamline, CF01, AOA=16.0° Averaged Streamline, CF02, AOA=16.0° 
 
    
Averaged Streamline, CF03, AOA=16.0° Averaged Streamline, CS, AOA=16.0° 
Figure 60. Ensemble-Averaged Streamline around the Test Airfoils at AOA=16.0 degrees 
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Averaged Velocity, CF01, AOA=16.0° Averaged Velocity, CF02, AOA=16.0° 
 
    
Averaged Velocity, CF03, AOA=16.0° Averaged Velocity, CS, AOA=16.0° 
Figure 61. Ensemble-Averaged Velocity Vectors around the Test Airfoils at AOA=16.0 degrees 
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Instantaneous Vorticity, CF01, AOA=18.0° Instantaneous Vorticity, CF02, AOA=18.0° 
 
 
Instantaneous Vorticity, CF03, AOA=18.0° 
Figure 62. Instantaneous Velocity Vectors and Spanwise Vorticity Distribution around the Flexible 
Membrane Airfoils at AOA=18.0 degrees 
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Averaged Streamline, CF01, AOA=18.0° Averaged Streamline, CF02, AOA=18.0° 
 
 
Averaged Streamline, CF03, AOA=18.0° 
Figure 63. Ensemble-Averaged Streamline around the Flexible Membrane Airfoils at AOA=18.0 degrees 
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Averaged Velocity, CF01, AOA=18.0° Averaged Velocity, CF02, AOA=18.0° 
 
 
Averaged Velocity, CF03, AOA=18.0° 
Figure 64. Ensemble-Averaged Velocity Vectors around the Flexible Membrane Airfoils at AOA=18.0 
degrees 
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Instantaneous Spanwise Vorticity Distribution 
and Velocity Flied, CF03 
 
    
Ensemble-Averaged Streamline, CF03 Ensemble-Averaged Velocity Filed, CF03 
 
Figure 65. Detailed Flow Behavior around CF03 at AOA=20.0 degrees 
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3.5. Concluding Remarks 
 
An experimental study was conducted to investigate the flow features around flexible 
membrane airfoils and a rigid airfoil at low chord Reynolds number level of 80,000 to 
explore the potential applications of non-traditional, flexible membrane airfoils for MAV 
design.  The measurement results demonstrated clearly that the flexible membrane airfoils 
could have much better performance over the rigid counterpart in preventing flow separation 
and airfoil stall as well as better lift and drag performance at the low Reynolds number.  
While airfoil stall on the rigid airfoil was found to occur between 10.0 degrees and 12.0 
degrees, no apparent large-scale flow separation or airfoil stall could be found for CF03, the 
flexible membrane airfoils with best aerodynamic performance of all the tested airfoils, until 
16.0 degrees angle of attack.  The detailed PIV measurements of flow features around the 
airfoils elucidated underlying physics of how and why the flexible membrane airfoil could 
delay large-scale flow separation and airfoil stall at low Reynolds numbers.  Flexible skin 
deformed to camber shape due to the incoming flow and also reduced the effective angle of 
attack.  Due to this reduction in effective angle of attack and the deformation, the flexible 
membrane airfoils managed to lower drag force acting on them as well as delaying the flow 
separation angle of attack and airfoil stall.  It should also be noted that it is very important to 
control flexibility of skin to have good aerodynamic performance for the flexible membrane 
airfoils.  Although several previous investigations have been conducted to study the 
aerodynamics of flexible membrane airfoils, the work reported here is believed to be the first 
to provide detailed, quantitative flow measurements to elucidate the underlying physics of 
why and how flexible membrane airfoils could have good aerodynamic performance for low 
Reynolds number flight and to explore their potential application in MAV designs. 
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Chapter 4. General Conclusion 
Detailed experimental investigations on two types of biologically-inspired airfoils were 
conducted to explore their possibilities for potential MAV applications.  The detailed PIV 
measurements have clearly demonstrated that the corrugated dragonfly airfoil can have good 
aerodynamic performance by its unique corrugated structure acting as “turbulators” which 
results in suppressing large-scale flow separation and airfoil stall at low Reynolds number.  
The detailed force measurements and PIV measurements have also revealed that the flexible 
membrane airfoils have good lift and drag performance with suppression of large-scale flow 
separation and airfoil stall at low Reynolds number due to their flexibilities to deform their 
cambered shape to adapt to incoming flows.  The present study has also led to the conclusion 
that the proper number of ribs is required to provide sufficient tension to the membrane skin 
in order to have good aerodynamic performances for the flexible membrane airfoils.  Further 
study is suggested to explore/optimize design paradigms for the development of such novel, 
bio-inspired airfoils for various MAV applications. 
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Chapter 5.  Recommendation for Future Work 
 
Future work should focus on the development of detailed wind tunnel testing on the 
interaction of flexibility and aerodynamic performance of airfoils.  An experimental 
investigation involving the creation of an airfoil frame that can hold a flexible latex skin 
while providing various amounts of tension is recommended. This should lead to tensions 
optimized at various Reynolds numbers and assist in the development of more flexible 
membrane airfoils.   
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